Introduction {#section1-2041731417731546}
============

The heart is supplied with oxygenated blood through what is called the coronary artery. The narrowing of these arteries due to plaque decreases the oxygen supply to the cardiac muscles leading to the most common type of heart disease, and the most common cause of death since 2012, called coronary artery disease.^[@bibr1-2041731417731546],[@bibr2-2041731417731546]^ This drove the researcher for decades to find a treatment for this disease.

In 1980, Gruentzig and colleagues reported for the first time a method for revascularization of occluded coronary arteries, called percutaneous coronary intervention or as it is widely known as ballooning.^[@bibr3-2041731417731546]^ The procedure was done by inserting a balloon catheter into the arteries until it reaches the lesion site; by the aid of water pressure, the balloon expands thus unblocking the artery.^[@bibr4-2041731417731546]^ Despite the success of this procedure, the high rate of restenosis (30%--50%) remained an issue that needed a solution.^[@bibr5-2041731417731546]^

Since the development of the balloon angioplasty, new candidates were fabricated to try and overcome the shortcomings. The development of bare metal stents (BMSs) followed by drug-eluting stents (DESs) revolutionized angioplasty in recent years, with many new candidates hitting the market. The basic idea of the metallic stent is to provide mechanical support to the vascular walls and prevent the recoil of artery at the lesion site. However, the drugs that coat the surface are to prevent inflammation and the proliferation of smooth muscle cells (SMCs) due to vascular wall injury caused by the deployment of the stent.^[@bibr1-2041731417731546]^ Several studies to optimize the coating conditions^[@bibr6-2041731417731546]^ and to improve the stability of the drug-in-polymer matrix coating were developed for further enhancing the efficacy of DESs under in vitro as well as in vivo clinical studies.^[@bibr7-2041731417731546][@bibr8-2041731417731546][@bibr9-2041731417731546][@bibr10-2041731417731546]--[@bibr11-2041731417731546]^

However, despite their infamous reputation and their ability to suppress restenosis to large extent, they still led to important side effects such as late thrombosis, delayed re-endothelialization, medial necrosis, and chronic inflammation.^[@bibr12-2041731417731546][@bibr13-2041731417731546][@bibr14-2041731417731546]--[@bibr15-2041731417731546]^

It has been unveiled by a copious body of studies that late stent thrombosis is caused by the impaired endothelial cells (ECs) growth on the luminal side of the artery.^[@bibr16-2041731417731546][@bibr17-2041731417731546][@bibr18-2041731417731546]--[@bibr19-2041731417731546]^ Thus, attempts to fabricate new platforms that will encourage the proliferation of ECs would be a huge step forward in the field of biomedical devices. The optimal implant surface is that surface which could (a) prevent the adsorption of fibrinogen; (b) prevent the adhesion, aggregation, and activation of platelet; (c) inhibit the adhesion and proliferation of SMCs; and (d) promote the adhesion and growth of ECs ([Figure 1](#fig1-2041731417731546){ref-type="fig"}).

![Schematic representation of the optimal surface for stent application.\
ECs: endothelial cells; SMCs: smooth muscle cells.](10.1177_2041731417731546-fig1){#fig1-2041731417731546}

In this review, we summarized for the reader the recent studies that have attempted various approaches to achieve such a platform, beginning with studies that have researched the effects of manipulating the surface chemistry of different platforms on ECs proliferation and ending with the studies that researched the physical tuning of these surfaces.

Biomolecules for re-endothelialization {#section2-2041731417731546}
======================================

Several molecules have been used to improve the cell-material interactions in order to enhance the adhesion and growth of ECs and consequently accelerate re-endothelialization, for example, heparin, fucoidan, chondroitin sulfate, hyaluronic acid, antioxidant compounds, and extracellular matrix (ECM) proteins including laminin, fibronectin, and collagen (I). The chemical structures of these molecules are summarized in [Figure 2](#fig2-2041731417731546){ref-type="fig"}.

![The chemical structure of biomolecules used to promote the growth of endothelial cells: (a) heparin, (b) fucoidan, (c) chondroitin sulfate, (d) hyaluronic acid, and (e) gallic acid.](10.1177_2041731417731546-fig2){#fig2-2041731417731546}

Heparin is a highly sulfated glycosaminoglycan which consists of uronic acid and glucosamine, commonly used as anticoagulant drug to prevent thrombosis on metal stents^[@bibr20-2041731417731546]^ and anti-inflammatory drug for treatment of chronic obstructive bronchopulmonary disease.^[@bibr21-2041731417731546]^ The mechanism of anticoagulant action of heparin occurs through the reaction with antithrombin III, which inactivates the thrombin and other proteases involved in the blood clot.^[@bibr22-2041731417731546],[@bibr23-2041731417731546]^ Several studies have shown that heparin-modified substrates could prevent platelet adhesion and inhibit the growth and suppress the proliferation of SMCs.^[@bibr24-2041731417731546]^ In 2016, Pan et al.^[@bibr25-2041731417731546]^ have proposed a new strategy to improve both of blood and endothelial cells compatibility by modifying the titanium substrate with polydopamine followed by the deposition of grapheme oxide and finally loaded with heparin. In vivo animal study proved that heparin-coated stent prevents thrombosis and in-stent restenosis.^[@bibr26-2041731417731546]^

Fucoidan is a sulfated polysaccharide extracted from brown seaweed with anticoagulant efficiency similar to heparin. It has various pharmacological activities such as anti-thrombosis, anti-viral, anti-cancer, anti-angiogenic, and anti-inflammatory effects.^[@bibr27-2041731417731546][@bibr28-2041731417731546][@bibr29-2041731417731546][@bibr30-2041731417731546]--[@bibr31-2041731417731546]^ It has been demonstrated that low-molecular-weight fucoidan (LMWF) reduces the proliferation of SMCs and consequently prevents neointimal hyperplasia in rabbit model.^[@bibr32-2041731417731546][@bibr33-2041731417731546]--[@bibr34-2041731417731546]^ Roux et al.^[@bibr35-2041731417731546]^ showed an early endothelial repair for an aortic allograft model. LMWF significantly reduced intimal hyperplasia after 21 days which was associated with intimal re-endothelialization due to recruitment of bone-marrow-derived, properly, endothelial progenitor cells (EPCs).^[@bibr35-2041731417731546]^ The mechanism of action of LMWF on cell signaling and whole genome expression in ECs was recently studied.^[@bibr36-2041731417731546]^ They found that LMWF was able to trigger the activation of PI3K/AKT pathways which plays an important role in angiogenesis and vasculogenesis. Moreover, LMWF modulated the expression of genes involved in cell migration and cytoskeleton organization, cell mobilization, and homing.^[@bibr36-2041731417731546]^

Chondroitin sulfate, is a sulfated polysaccharide composed of glucuronic acid and galactosamine, which have the ability to enhance the resistance of vascular cell apoptosis.^[@bibr37-2041731417731546]^ In addition, sulfated polysaccharides can improve the hemocompatibility of implant surface through electrostatic repulsion toward negatively charged blood components such as fibrinogen.^[@bibr38-2041731417731546]^

Hyaluronic acid is a negatively charged non-sulfated polysaccharide composed of *N*-acetyl glucosamine and [d]{.smallcaps}-glucuronic acid which is a component of ECM.^[@bibr39-2041731417731546][@bibr40-2041731417731546][@bibr41-2041731417731546]--[@bibr42-2041731417731546]^ It was demonstrated that hyaluronic acid plays a role in cell attachment and signaling through interacting with cell surface receptors. In addition, it can reduce the adhesion and aggregation of platelets when hyaluronic acid was coated on stainless steel stent.^[@bibr43-2041731417731546]^ Moreover, it displayed antifouling properties with respect to protein adsorption and marine adhesion.^[@bibr44-2041731417731546][@bibr45-2041731417731546][@bibr46-2041731417731546]--[@bibr47-2041731417731546]^

Gallic acid is a natural plant phenol molecule derived from green teas and red wine and highly rich in beverages.^[@bibr48-2041731417731546],[@bibr49-2041731417731546]^ It also has various biological activities such as anticarcinogen,^[@bibr50-2041731417731546],[@bibr51-2041731417731546]^ antibacterial,^[@bibr52-2041731417731546]^ antiviral,^[@bibr53-2041731417731546]^ anti-inflammatory,^[@bibr54-2041731417731546]^ and antitumor effects.^[@bibr55-2041731417731546],[@bibr56-2041731417731546]^ In addition, it possesses arterioprotective properties due to its powerful antioxidant property. Moreover, it was found that gallic acid has no cytotoxicity against ECs, whereas it can induce SMCs death.^[@bibr57-2041731417731546]^ Furthermore, the loading amount of gallic acid could govern the behavior of vascular cells on the stent surface. It was demonstrated that 5 µg/mL can selectively promote ECs growth and inhibit SMCs proliferation.^[@bibr58-2041731417731546]^

Laminins are family of glycoproteins located in basement membranes and play an important role to mediate both cell-to-cell and cell-to-extracellular matrix adhesion and to enhance cell differentiation and proliferation.^[@bibr59-2041731417731546]^

Fibronectin is a major component found in ECM consisting of two monomers linked by a disulfide bond at their C-termini.^[@bibr60-2041731417731546]^ It has the ability to be adsorbed or conjugated with biomaterial surfaces to promote the attachment, spreading, and differentiation of ECs.^[@bibr61-2041731417731546],[@bibr62-2041731417731546]^ Arginine-glycine-asparagine (RGD) domains in the fibronectin molecule was considered as a key motif interaction with α5β1 transmembrane integrin receptor of cells.^[@bibr63-2041731417731546],[@bibr64-2041731417731546]^

Ways to improve re-endothelialization {#section3-2041731417731546}
=====================================

According to the recent reports for accelerating re-endothelialization, three possible ways were used including changing the chemistry of the implant surface, changing the surface topography of the implant, and changing both of topography and chemistry of the implant surfaces. These ways will be discussed in detail in the following sections.

Surface chemistry on re-endothelialization {#section4-2041731417731546}
------------------------------------------

The chemistry of the surface plays a crucial role to decide the hemocompatibility and cytocompatibility with blood components and arterials cells, respectively. There are several methods to change the chemistry of the surface through direct immobilization, layer-by-layer (LBL) techniques, or nitric oxide (NO) release system. Moreover, methods and recent findings regarding antibody immobilization on material surfaces have been summarized elsewhere.^[@bibr65-2041731417731546],[@bibr66-2041731417731546]^

### Direct immobilization on metal surface {#section5-2041731417731546}

In the recent years, immobilizing biomolecules on biomaterials surface has attracted great attention by researchers. However, the stability of these molecules under in vivo exposure remains a question for successful clinical treatment. Many methods could be achieved to immobilize biomolecules on implant surface such as physical adsorption, encapsulation, ionic bonding, and covalent bond formation. Covalent immobilization in which the molecules will be stable on the surface and not easy to remove by rising to withstand under in vivo exposure was considered as the most famous method. It can be performed through various chemical reactions such as Schiff base and carbodiimide chemistry. The immobilization could be performed for single or a mixture of biomolecules.

#### Single-molecule immobilization {#section6-2041731417731546}

In 2014, Yang et al. successfully modified the stainless steel stent using 900 ng of heparin via dip coating method. The substrate was initially coated with dopamine and hexamethylenediamine to introduce coating rich with a primary amine functional group. Then, heparin was immobilized through carbodiimide chemistry. It was found that the heparin-modified substrate reduces the fibrinogen adsorption and platelet adhesion. In addition to selectively enhancing ECs adhesion, proliferation, migration, and NO release, SMCs adhesion and proliferation were inhibited.^[@bibr67-2041731417731546]^ Another group fabricated a multifunctional polymer consisting of dopamine-*g*-heparin or dopamine-*g*-heparin-like polymer (poly(sodium 4-vinylbenzenesulfonate)-*co*-poly(sodium methacrylate)) for the modification of polyethersulfone dialysis membrane.^[@bibr68-2041731417731546]^ The heparin-mimicking membranes presented lower protein adsorption, superior ECs proliferations and morphology differentiation, and lower platelet adhesion with excellent anticoagulant bioactivities.^[@bibr68-2041731417731546]^ Recently, Li et al.^[@bibr69-2041731417731546]^ developed heparin/poly-[l]{.smallcaps}-lysine microspheres and immobilized them on dopamine-coated stainless steel substrate. The microsphere formation occurred via intermolecular electrostatic interactions between positively charged poly-[l]{.smallcaps}-lysine and negatively charged heparin, forming spheres ranging between 300 and 1500 nm as determined by dynamic light scattering. The amine groups presented on the microspheres contributed to covalent bond formation with dopamine through Schiff base and/or Michael addition reaction. The existence of the microspheres improved the cytocompatibility, blood compatibility, and accelerate endothelialization.^[@bibr69-2041731417731546]^

In 2014, Thalla et al.^[@bibr70-2041731417731546]^ demonstrated the advantages of grafting chondroitin sulfate to glass substrate. They found that chondroitin sulfate--modified glass showed resistance to fibrinogen and platelet adhesion, which suggested that it can prevent thrombus formation. Moreover, ECs adhesion and growth were strongly promoted with complete and flow-resistant endothelium.^[@bibr70-2041731417731546]^

Another biomolecule, hyaluronic acid, was grafted on stent surface to achieve antifouling properties and enhance re-endothelialization. Kim et al. fabricated a DES with two different surfaces with multi-functions. First, the stent was pre-coated using dopamine-conjugated hyaluronic acid (HA-DA), followed by spray coating of sirolimus-in-poly([d,l]{.smallcaps}-lactide) matrix only on the abluminal surface of stent.^[@bibr71-2041731417731546]^ It was demonstrated that HA-DA coating displayed suppressive effects on platelet adhesion and activation and maintained the ECs viability and proliferation even under the existence of sirolimus.^[@bibr71-2041731417731546]^ Recently, Lih et al.^[@bibr72-2041731417731546]^ modified cobalt-chromium substrates with HA-DA and figure out the optimal concentration of catechol group through preparing different ratios of HA-DA ranged between 2% and 15% (50--400 µmol) in order to improve the hemocompatibility and re-endothelialization. Among these different dopamine contents, it was found that 100 µmol of dopamine demonstrated the lowest fibrinogen adsorption, the lowest platelet adhesion with no pseudopodia, and the highest ECs proliferation.^[@bibr72-2041731417731546]^ Similar study to reduce the protein adsorption including fibrinogen was established by one-step process for immobilizing hyaluronic acid molecules onto gold surface via the interfacial polymerization of dopamine.^[@bibr73-2041731417731546]^

Another strategy to enhance re-endothelialization was presented in 2014 by Yang et al.^[@bibr74-2041731417731546]^ in which they modified the implant surface with gallic acid through two different methods: (a) carbodiimide chemistry in which the amino group of plasma-polymerized allylamine (PPAam) reacted with activated carboxyl group of gallic acid (phenolic hydroxyl groups of gallic acid were retained) and (b) Tris-buffer in which the amino group of PPAam reacted with quinine structure of gallic acid (carboxyl acid groups of gallic acid were retained). The gallic acid-functionalized surface presented selectivity toward endothelial and smooth muscle cells. It enhanced the adhesion, proliferation, migration, and release of NO of ECs. On the other hand, it inhibited the adhesion and proliferation of SMCs.^[@bibr74-2041731417731546]^ Interestingly, the gallic acid coating formed by Tris method presented a stronger inhibitory effect on SMCs proliferation than that formed by carbodiimide method. Similar inhibitory effect of epigallocatechin-3-*O*-gallate on SMCs was reported and attributed to the existence of galloyl group and phenolic hydroxyl group.^[@bibr75-2041731417731546][@bibr76-2041731417731546]--[@bibr77-2041731417731546]^ Moreover, it was demonstrated that the existence of galloyl group of catechins was essential for inhibiting SMCs proliferation.^[@bibr78-2041731417731546][@bibr79-2041731417731546]--[@bibr80-2041731417731546]^

#### Multi-molecules immobilization {#section7-2041731417731546}

To achieve a microenvironment with favorable properties to enhance endothelial cell adhesion and proliferation and improve the hemocompatibility simultaneously, to ensure the long-term safety of cardiovascular implants, a mixture of biomolecules was co-immobilized on the implant surface. It is commonly known that the surface with different biomolecules may combine the properties of each individual.

In 2011, Li et al.^[@bibr20-2041731417731546]^ reported the co-immobilization of heparin and fibronectin complex on titanium substrate in order to improve the hemocompatibility and endothelialization. The coating displayed a stable behavior for 5 days in phosphate buffer, lower hemolysis, less platelet adhesion/aggregation, and lower fibrinogen adsorption. In addition, the endothelial cells presented higher adhesion and proliferation on such surface as compared to control titanium substrate.^[@bibr20-2041731417731546]^ According to He et al.,^[@bibr81-2041731417731546]^ the polymerized acrylic acid film was modified using fibronectin through carbodiimide chemistry. The enzyme-linked immunosorbent assay results indicated the existence of RGD domains in the immobilized fibronectin on stainless steel substrate. ECs were spread well on the fibronectin-modified surface, compared to the control substrate. Further study was performed in 2014 by Wang et al.,^[@bibr82-2041731417731546]^ in which the titanium substrate was functionalized with multifunctional micro-environment using heparin, fibronectin, and vascular endothelial growth factor (VEGF) (heparin/fibronectin/VEGF) to inhibit thrombosis formation and promote endothelialization. VEGF is an angiogenic growth factor that binds to VEGF receptor 1 or 2 present at the surface of endothelial cells. It has been extensively used to accelerate vascularization of damaged tissue as it plays a vital role in orienting endothelial cells to migrate, proliferate, and form tubular structures.^[@bibr83-2041731417731546][@bibr84-2041731417731546]--[@bibr85-2041731417731546]^ The heparin/fibronectin complex complex can be formed by electrostatic interaction between the negatively charged heparin and the positively charged fibronectin. In 2016, Choi et al.^[@bibr86-2041731417731546]^ designed a method to load VEGF and hepatocyte growth factor (HGF) on heparin-grafted HA-DA modified on cobalt-chromium substrate. They found that using divinyl sulfone method, the loading amount of heparin increased and consequently the amount of growth factor with retained bioactivity also increased. In addition, it presented higher cell viability.^[@bibr86-2041731417731546]^ Recently, in 2016, Ye et al. established a novel multifunctional coating consisting of fucoidan and laminin complex using carbodiimide chemistry to provide rapid endothelialization, improve hemocompatibility, and prevent restenosis.^[@bibr87-2041731417731546]^ This complex showed that the growth of ECs and EPCs was promoted, whereas the SMCs were inhibited. In addition, the resulting surface exhibited lower platelet adhesion with anticoagulant property.^[@bibr87-2041731417731546]^

### Layer-by-Layer coating {#section8-2041731417731546}

LBL technique was used to build a mixture of biomolecules on the material surfaces. This method has attracted a great attention possessing many advantages such as easy preparation method, wide range of charged biomolecules can be assembled, independence on substrate shape, and mild reaction conditions.^[@bibr88-2041731417731546]^ It is based on the electrostatic interactions of anionic and cationic poly(electrolytes) on charged surfaces to built-up ultrathin multilayer films composed of up to 100 consecutively alternating layers.^[@bibr89-2041731417731546]^ An example for LBL was fucoidan/laminin-coated stent which presented good stability behavior, lower platelet adhesion, and selectively regulated vascular cells growth.^[@bibr87-2041731417731546],[@bibr90-2041731417731546]^ The best hemocompatibility was achieved when fucoidan was at the outermost layer with lowest platelet adhesion when three layers of fucoidan were fabricated. On the other hand, when laminin increased to five layers, both of anticoagulant and cytocompatibility of ECs and EPCs were improved.^[@bibr90-2041731417731546]^ According to Wang et al.,^[@bibr91-2041731417731546]^ the titanium surface was modified using LBL technique consisting of heparin/VEGF and terminated with fibronectin. It was suggested that fibronectin-terminated multilayer film could enhance the attachment of ECs via its RGD. VEGF could promote the adhesion and proliferation of ECs. Furthermore, the existence of heparin could reduce the platelet adhesion and aggregation. The faster proliferation of ECs and the reduction of platelet adhesion proved the concept of co-immobilization of heparin/VEGF/fibronectin.^[@bibr91-2041731417731546]^ In 2015, Liu et al.^[@bibr92-2041731417731546]^ constructed an endothelial cell extracellular microenvironment on nitinol alloy substrate via LBL assembly technique including gelatin/chitosan embedded with VEGF. It was found that this multilayer film was beneficial for ECs adhesion and proliferation. Additionally, the presented surface promoted the production of NO from the ECs.^[@bibr92-2041731417731546]^

### NO release for re-endothelialization {#section9-2041731417731546}

NO is generated in healthy blood vessels by endogenous nitric oxide synthase (NOS) enzyme isoforms,^[@bibr93-2041731417731546]^ and its controlled release plays a critical role in maintaining homeostasis of blood vessels. NO has pleiotropic effects that include anti-atherogenesis, vasodilation, and inhibition of SMCs proliferation and platelet aggregation.^[@bibr93-2041731417731546]^

The dose-dependent action of NO is one of its most interesting characteristics. While picomolar and nanomolar levels of NO cause proliferation of many different cell types,^[@bibr94-2041731417731546]^ many reports have shown that NO donors at micromolar and millimolar levels inhibit the proliferation of certain types of cells such as SMCs,^[@bibr94-2041731417731546][@bibr95-2041731417731546][@bibr96-2041731417731546]--[@bibr97-2041731417731546]^ murine bone marrow cells,^[@bibr98-2041731417731546]^ and ECs.^[@bibr96-2041731417731546]^ A large body of literature unveiled that the lack of NO around implanted stents might cause restenosis and thrombosis, which is due to the low NO release at lesion site as the endothelial cells are injured.^[@bibr1-2041731417731546]^ Therefore, compensating the low level of NO is a very potential strategy for overcoming the drawbacks of stents.^[@bibr1-2041731417731546],[@bibr93-2041731417731546],[@bibr99-2041731417731546]^

#### Selenium catalyst NO releasing surfaces {#section10-2041731417731546}

In the human body, there are a group of compounds that release NO intrinsically called nitrosothiols, including S-nitrosoglutathione (GSNO), S-nitrosocysteine, and S-nitrosoalbumin.^[@bibr100-2041731417731546]^ Meanwhile, in vivo glutathione peroxidase (GPx) enzymes protect the cells from hydrogen peroxide by reducing it to water.^[@bibr101-2041731417731546]^ During the process of reduction, glutathione is oxidized after donating an electron, not only that, but GPx also catalyzes the release of NO from the aforementioned donors in the presence of intrinsic thiols.^[@bibr102-2041731417731546]^ Taking what was mentioned into consideration, various organoselenium compounds have been reported to have GPx-like catalytic activity, such as selenocystamine (SeCA) and seleniumdipropionic acid (SeDPA), thus releasing NO from nitrosothiols.^[@bibr103-2041731417731546],[@bibr104-2041731417731546]^ The proposed catalytic mechanism is summarized in [Scheme 1](#fig3-2041731417731546){ref-type="fig"},^[@bibr103-2041731417731546]^ in which each species represents: diselenide (RSe-SeR), thiol (R′SH and GSH (glutathione)), selenosulfide (RSe-SR′ and RSe-SG (a glutathione adduct)), selenolate (RSe^−^, a conjugate base of selenol), and S-nitrosothiol (R′SNO).

![Schematic diagram for the production of NO from selenium catalyst.](10.1177_2041731417731546-fig3){#fig3-2041731417731546}

This led to various research groups to immobilize different types of selenium catalysts on surface of metallic stents in an attempt to benefit from its continuous NO release rate in regard to re-endothelialization.

In 2011, Weng et al.^[@bibr105-2041731417731546]^ fabricated NO-releasing stent with SeCA covalently immobilized on the surface, as shown in [Figure 3(a)](#fig4-2041731417731546){ref-type="fig"}. One of the limitations of fabricating such a stent is the absence of functional groups on the surface of stainless steel stents. This led the group to use titanium dioxide (TiO~2~)-coated stents, which then added a layer of polydopamine thus achieving a stent with an abundant number of free hydroxyl groups. This allowed SeCA to be covalently attached to the surface via its amine group. The authors prepared two types of stents with selenium, one with two layers of polydopamine grafted on the surface denoted as Se2 and the other one contained five layers of polydopamine denoted as Se5. Additionally, the two samples had different GPx mimicking activity, in which Se5 had significantly higher catalytic activity, but this was the case only for freshly prepared samples, as the rate decreased significantly within 3 months for both samples. In regard to the NO release rate, same as for the GPx activity, the Se5 samples had a higher NO release rate than Se2 counterpart under in vitro study using two NO donors GSNO and SNAP. Other in vitro studies were performed, such as platelet adhesion tests and SMC adhesion tests, and it was unveiled that Se5 stents outperformed the other samples, by decreasing the adhesion and activation of the platelets and inhibiting the SMCs from attaching to the surface. After 2 months of in vivo study for femoral arteries of dogs, the stents were removed, and it was found that the stents were completely covered with shuttle-shaped endothelial cells. After analyzing cross sections of the samples, it was shown that the selenium stents have had lower intimal and neointimal thickness than that of the plain stainless steel stents.

![Schematic representation of (a) stainless steel stent covered with a layer of titanium and then another layer of polydopamine with the final surface covered with SeCA and (b) stainless steel stent covered with a layer of plasma-polymerized allylamine (PPAam) and then a final layer of SeDPA.](10.1177_2041731417731546-fig4){#fig4-2041731417731546}

In 2015, Yang et al.^[@bibr106-2041731417731546]^ fabricated a selenium catalyst immobilized stent with a different immobilization approach ([Figure 3(b)](#fig4-2041731417731546){ref-type="fig"}). Instead of using a polydopamine base layer on top of the stainless steel surface, they added a layer using a methodology they standardized elsewhere,^[@bibr107-2041731417731546]^ which will provide sufficient amount of free amines on the surface for covalent attachment of SeDPA. Initially, they tested the NO catalytic activity of the surface, which showed two phases of NO release, fast release then slow release, which was according to previously published results by Cha et al. In addition, it was found out that there was 12.5% decrease in activity of the catalyst after 1 h of exposure to the NO donor, with 44% decrease after 60 days of exposure.^[@bibr103-2041731417731546]^ This decrease in activity could be explained by the reduction of SeDPA to selenolate by glutathione, as shown in [Scheme 1](#fig3-2041731417731546){ref-type="fig"}. They tested the hemocompatibility and vascular cell growth behavior of the stent. The tests exhibited effective inhibition of platelet adhesion and SMCs growth and effectively enhanced ECs growth and migration when compared to the controls that include bare stainless steel and PPAam-coated stents. In vivo studies were performed by implanting the stent in rabbit iliac arteries under angiographic control for 4 weeks. The catalyst-based stents showed superior results, in which the blood clotting experiments confirmed the platelet adhesion tests. Moreover, the hematoxylin eosin--stained cross sections of the arteries demonstrated reduced neointimal hyperplasia, mean neointimal area, and neointimal stenosis. Additionally, scanning electron microscopy images indicated the stents to be fully covered with endothelial cells, whereas the bare stainless steel was not fully covered.

In another attempt, Chen et al.^[@bibr108-2041731417731546]^ took on a different approach, in which they covalently attached selenium catalyst to LBL electrospun vascular grafts on the luminal side only. First, the vascular grafts backbone was made up of polycaprolactone electrospun films. Then, a layer of polylysine was added as the base layer on the luminal side of the graft, which was then followed by a polyglutamic acid layer with a negative charge and a free carboxyl group facing outward. These free carboxyl groups would react with the amine groups of SeCA. The group tested the catalytic NO release capability of the graft, in which total NO from NO donors was released within 3 h. Other in vitro tests were conducted such as fibroblast proliferation and SMC spreading, which showed acceptable results when compared to the bare polycaprolactone graft.^[@bibr108-2041731417731546]^

Finally, they tested the samples in vivo using rats, in which the results (studied by scanning electron and normal microscopy) showed that selenium catalyst containing grafts had the least thrombus formation, compared with the control samples.

Similarly, in 2015, another study by Wang et al.^[@bibr109-2041731417731546]^ fabricated vascular grafts containing multiple layers of selenium catalyst added on the surface using LBL method. The design could be summarized as follows: polycaprolactone film (prepared by electrospinning) was covered by a synthesized selenium polyethyleneimine (SePEI) polymer that contains a positive charge, followed by a layer of hyaluronic acid with a negative charge, in which this type of sample was labeled as PCL-(S/H)~10~. Other samples contained nine bilayers of SePEI/HA, then it was finalized by a bilayer of hyaluronic acid with Arg--Glu--Asp--Val (REDV) fibronectin peptide, which recognizes α4β1 integrin specifically expressed on the ECs membrane thus inducing endothelial cell attachment on the surface. The grafts showed rapid endothelialization with increased ECs to SMCs ratio. In addition, the endothelial cells were organized in a uniform pattern on the surface.

#### Copper catalyst NO releasing surfaces {#section11-2041731417731546}

It is noteworthy to mention that nitrosothiols are not only catalyzed in the presence of selenium but also in the presence of copper (I) or copper (II) free ions or in ligand-complex form.^[@bibr110-2041731417731546]^ [Scheme 2](#fig5-2041731417731546){ref-type="fig"} provides an insight on the mechanism of NO release.^[@bibr111-2041731417731546]^ Furthermore, it was revealed that at low dose of Cu, efficient NO release could be achieved, thus reducing the chance of any Cu toxicity.^[@bibr112-2041731417731546][@bibr113-2041731417731546]--[@bibr114-2041731417731546]^

![The mechanism of NO release: Cu^+1^ (copper (I)), Cu^+2^ (copper (II)), and RSNO (nitrosothiol).](10.1177_2041731417731546-fig5){#fig5-2041731417731546}

Based on the catalytic activity of Cu, Luo et al.^[@bibr110-2041731417731546]^ incorporated Cu particles in a collagen--catechol or catechol--epigallocatechin gallate film composites coated on stainless steel. Primarily, they tested the NO release rate after incubation in a nitrosothiol containing media and found that the rates of collagen/catechol and collagen/epigallocatechin gallate were 0.77 × 10^−10^ mol/cm^2^/min and 0.28 × 10^−10^ mol/cm^2^/min, respectively, which was higher and lower than the agreed natural NO release rate by endothelial cells (0.5−4 × 10^−10^ mol/cm^2^/min).^[@bibr115-2041731417731546]^ They also tested quantitatively the Cu content in both samples; it was found that the collagen--catechol films had a higher Cu content than its epigallocatechin counterpart, explaining the difference in NO release rate. Other in vitro tests were performed by the group including platelet adhesion, SMCs proliferation, and most importantly ECs proliferation. The results were promising, in which the platelet activation and adhesion along with SMCs proliferation was inhibited to a great extent by the films containing Cu due to NO release. On the other hand, the proliferation of ECs was promoted in the samples containing NO donors and Cu, whereas no difference in number of cells was noticed in the Cu-containing samples in the absence of NO donor in the media.

### Miscellaneous {#section12-2041731417731546}

Ferritin, a protein, is well known for its intracellular iron storage role in vivo. This protein stores Fe^3+^ inside its shell and serves as an antioxidant protein, preventing excess iron from taking part in reactive oxygen species production by Fenton reaction.^[@bibr116-2041731417731546]^ It is made up of a shell consisting of 24 protein subunits (apoferritin) and a core with Fe^3+^ ions.^[@bibr117-2041731417731546]^ Ferritin is found everywhere in tissues and serum, along with ferritin-binding proteins on a large number of well-known cell lines.^[@bibr118-2041731417731546]^ Cell proliferation and differentiation, angiogenesis, neoplastic transformation, immunosuppression, and iron delivery are metabolic processes that extracellular ferritin is involved in.^[@bibr119-2041731417731546]^ Due to the presence of iron in various heme-containing enzymes, iron is crucial for cellular metabolism.

On the other hand, solid-supported lipid bilayers (SLBs) is a versatile, biocompatible, and fluid cell membrane mimicking platform that have high potential in fabricating many biomedical devices including sensors.^[@bibr99-2041731417731546]^

Taking these into consideration, Satriano et al.^[@bibr116-2041731417731546]^ fabricated a series of positively charged SLBs on the surface of glass ([Figure 4](#fig6-2041731417731546){ref-type="fig"}) and immobilized the negatively charged ferritin on the surface of the bilayer. The different increasing graded positive charge strength was achieved by mixing zwitterionic phospholipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), with the positively charged phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (POEPC) with different ratios. The samples were named according to the ratio of POEPC to POPC, in which EPC100 contained only POEPC, EPC5 contained 5% POEPC and 95% POPC w/w. They tested the re-endothelializing ability of the different samples.

![Schematic representation for the fabrication of ferritin-SLB system on the surface of glass.](10.1177_2041731417731546-fig6){#fig6-2041731417731546}

Initially, they tested the formation of the SLB and successful ferritin immobilization via quartz crystal microbalance with dissipation (QCM-D). The results showed that all the ratios formed a supported bilayer on the surface of silicon dioxide sensors with the formation taking two different formation kinetics depending on the charge strength of the vesicles.^[@bibr116-2041731417731546]^ As the charge increased, the formation changed from two-step kinetics to one-step kinetics, which is in accordance with previously reported results.^[@bibr120-2041731417731546]^

The test results displayed that ferritin-coated SLB surfaces containing 25% POEPC had the largest amount of re-endothelialization among all the samples. With ferritin, the adhesion and proliferation of the ECs increased when compared to the controls.^[@bibr116-2041731417731546]^

Substrate topography on re-endothelialization {#section13-2041731417731546}
---------------------------------------------

### Nanostructure formation {#section14-2041731417731546}

The surface morphology of material substrate could affect the migration of cells and the rate of endothelialization for successful stent implantation. Palmaz et al.^[@bibr121-2041731417731546]^ studied the effects of surface topography of nitinol substrate, through introducing parallel grooves, on the growth of endothelial cells in an in vitro model. They found that grooved surfaces increased the migration rate of endothelial cells, particularly with larger grooves, when compared with control or smooth surfaces.^[@bibr121-2041731417731546]^ Additional study has examined the effects of polystyrene and poly(4-bromostyrene) demixed islands with different nanoscale vertical dimensions (13, 35, and 95 nm) on the behavior of endothelial cells attachment and spreading.^[@bibr122-2041731417731546]^ Based on islands depth, the cells showed different spreading interactions as nanometric topography which provide cues similar to those given by collagen. Interestingly, 13 nm islands presented the highest cell spreading morphologies with well-defined cytoskeleton.^[@bibr122-2041731417731546]^ Choudhary et al.^[@bibr123-2041731417731546]^ investigated the adhesion of ECs and SMCs on random nanostructure compared with conventional titanium and cobalt-chromium substrates. They found that the adhesion and spreading morphologies of both cells were higher on the nanostructure substrate compared to the conventional substrate.^[@bibr123-2041731417731546]^ Moreover, the ratio of endothelial to SMCs was higher on nanostructure substrates.^[@bibr123-2041731417731546]^ However, it is well known that native endothelium adapts with aligned endothelial cell with elongated morphology; it can be expected that metallic stents with patterned surface may be better for increasing the functions of endothelial cell by promoting a more native cellular morphology. According to Lu et al., patterned nanostructure, with 750 nm, presented higher affinity toward rat aortic endothelial cells adhesion, growth, and alignment as compared with larger micrometer-scale titanium patterns as well as control with random nanostructures.^[@bibr124-2041731417731546]^ Recently, Ding et al.^[@bibr125-2041731417731546]^ fabricated micro/nano patterned platforms with two typical geometries (grove and pillar) with six sizes ranging between 0.5 and 50 µm and evaluated the cell and platelet responses ([Figure 5](#fig7-2041731417731546){ref-type="fig"}). Based on the geometry, pillars presented nonselective SMCs inhibition and ECs growth. On the other hand, the size-dependent groove displayed selectivity through enhancing ECs growth and inhibiting SMCs proliferation.^[@bibr125-2041731417731546]^ Finally, they suggested that 1 µm patterned groove could perform as an optimum geometry for having various functionality of promoting re-endothelialization and inhibiting both of SMCs proliferation and platelet adhesion.^[@bibr125-2041731417731546]^

![Schematic representation for the effect of surface morphology on proliferation of different types of cells.](10.1177_2041731417731546-fig7){#fig7-2041731417731546}

### Nanotube formation {#section15-2041731417731546}

Several researchers have studied the effects of nanotube formation on cell behavior.^[@bibr126-2041731417731546][@bibr127-2041731417731546]--[@bibr128-2041731417731546]^ Based on the nanotube size, the cells can interact with the surface selectively.^[@bibr129-2041731417731546]^ The nanotubes can reserve ECM nutrients which support cells and vessel physiology with health. In addition, nano-depot can store biomolecules or drugs and control release based on nanotube diameter and aspect ratio.^[@bibr130-2041731417731546][@bibr131-2041731417731546]--[@bibr132-2041731417731546]^ The small bioactive molecules could be released within weeks, whereas the big molecules could be released within several months.^[@bibr131-2041731417731546]^ The diameter of hexagonally close-packed rigid nanopatterned adhesive dots interfaces ranged between 58 and 73 nm is required for cell attachment.^[@bibr133-2041731417731546],[@bibr134-2041731417731546]^ The fabrication of TiO~2~ nanotubes on titanium surface with average 100 nm outer diameter, 70 nm inner diameter, and 250 nm in height enhanced the migration of bovine aortic endothelial cells with faster speeds than on flat titanium surface.^[@bibr134-2041731417731546]^ It has been demonstrated that TiO~2~ nanotubes represent a promising platform for stent as it could selectively regulate ECs growth and SMCs inhibition.^[@bibr135-2041731417731546],[@bibr136-2041731417731546]^ Lee et al.^[@bibr137-2041731417731546]^ performed an upright nanotubular coating on nitinol substrate via anodization and investigated the effect of nanotubes on human aortic endothelial cells (HAEC) and human aortic smooth muscle cells (HASMC). Recently, in 2016, nitinol-based nanotubular coatings with 110 and 70 nm nanotube diameters, obtained by changing the anodization conditions, were used to investigate the effect of nanotube diameter on the functions of HAEC and HASMC.^[@bibr138-2041731417731546]^ They found that nanotubular coatings reduced HASMC proliferation and increased the migration, elastin, and collagen production of HAEC.^[@bibr138-2041731417731546]^ Interestingly, increased nanotube diameter improved the production of elastin and soluble collagen production, which could reduce the in-stent restenosis.^[@bibr138-2041731417731546]^ Another group reported the formation of two different kinds of TiO~2~ nanotubes: (a) homogeneous nanotubes with average inner diameter of 75 nm and (b) heterogeneous nanotubes with average inner diameter of 80--190 nm.^[@bibr130-2041731417731546]^ They found that the endothelial cells have better proliferation rate on the homogeneous nanotubes when compared to heterogeneous nanotubes which could be due to better distribution of ions, proteins, and nutrients required for cells growth for homogeneous nanotubes.^[@bibr130-2041731417731546]^

Surface topography and chemistry for re-endothelialization {#section16-2041731417731546}
----------------------------------------------------------

The surface topography as well as the surface chemistry have been shown to regulate the function and growth of cells. Recently, the combinations of both topography and chemistry of surfaces have attracted a great attention from researchers. Ding et al.^[@bibr139-2041731417731546]^ studied the impacts of immobilized heparin on topographically patterned substrates on the blood compatibility and re-endothelialization. According to their previous studies, 1 µm grooves on the TiO~2~ substrates enhanced ECs growth, but inhibited SMCs proliferation and platelet adhesion.^[@bibr125-2041731417731546]^ The heparin-immobilized patterned TiO~2~ substrates significantly promoted the growth of ECs and inhibited the proliferation of SMCs and platelet adhesion as compared to the corresponding heparin-immobilized flat surface.^[@bibr139-2041731417731546]^ The chemical effect of heparin was studied by grafting on two different topographic geometries, that is, groove versus pillar, with different topographic sizes ranging between 1 and 50 µm. It was found that groove surface showed higher effect compared to pillars. In addition, the chemical effects increased with increasing the pattern size.^[@bibr139-2041731417731546]^ Although the main effect was for heparin chemistry, the surface topography was the reason to get aligned and elongated cells, which could achieve an accelerated healthy re-endothelialization and excellent blood compatibility.^[@bibr139-2041731417731546]^ Previous studies demonstrated that elongated and cytoskeletal aligned ECs on micropatterned surfaces decreased EC immunogenic gene expression and function which might contribute to EC-mediated atheroprotection.^[@bibr140-2041731417731546]^ Moreover, the nanopattern surface significantly enhanced the cell retention under shear flow.^[@bibr141-2041731417731546]^

In 2014, Yang et al. developed a multifunctional surface with nanotubular TiO~2~ structure modified with polydopamine in order to control the release of bivalirudin as direct thrombin inhibitor.^[@bibr142-2041731417731546]^ The released bivalirudin was continued for 2 months with thrombin inhibitory bioactivity. Moreover, this surface presented high selectivity to enhance ECs growth and inhibit SMCs proliferation.^[@bibr142-2041731417731546]^ Another strategy was reported in 2015 by Nie et al.,^[@bibr143-2041731417731546]^ which includes the modification of polyvinylidene difluoride (PVDF) membranes using a combination of carbon nanotube fibrous structure and heparin or heparin-like polymer. The nanofibrous heparin or heparin-like polymer multi-layers presented excellent antithrombotic activities and promoted endothelialization.^[@bibr143-2041731417731546]^

Summary {#section17-2041731417731546}
=======

Due to the importance of re-endothelialization in preventing many diseases such as restenosis, in this review, copious endothelial cell--promoting strategies have been summarized, starting with surface chemistry modifications, passing through biomolecules(s) immobilization on surfaces and NO releasing surfaces, and ending with surface topography modification. At the end of this review, we believe that next-generation devices could combine both surface chemistry and topography in order to initiate specific cell responses and consequently accelerate re-endothelialization for vascular applications including stents.
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